Background: Several studies in rodents with complete spinal cord transections have demonstrated that treadmill training improves stepping movements. However, results from studies in incomplete spinal cord injured animals have been conflicting and questions regarding the training dosage after injury remain unresolved. Objectives: To assess the effects of treadmill-training regimen (20 minutes daily, 5 days a week) for 3, 6 or 9 weeks on the recovery of locomotion in hemisected SCI mice. Methods: A randomized and blinded controlled experimental trial used a mouse model of incomplete spinal cord injury (SCI). After a left hemisection at T10, adult male mice were randomized to trained or untrained groups. The trained group commenced treadmill training one week after surgery and continued for 3, 6 or 9 weeks. Quantitative kinematic gait analysis was used to assess the spatiotemporal characteristics of the left hindlimb prior to injury and at 1, 4, 7 and 10 weeks post-injury. Results: One week after injury there was no movement of the left hindlimb and some animals dragged their foot. Treadmill training led to significant improvements in step duration, but had limited effect on the hindlimb movement pattern. Locomotor improvements in trained animals were most evident at the hip and knee joints whereas recovery of ankle movement was limited, even after 9 weeks of treadmill training.
Introduction
The limited capacity of the adult mammalian CNS to regenerate after injury means that conditions such as traumatic SCI often result in severe and permanent locomotion deficits. Improvements in medical care after SCI have led to an increased proportion of patients living with incomplete SCIs. 1 As these patients generally have some preservation of motor and sensory function, a degree of walking recovery, which is considered a high priority by people with SCI, is possible. 2 Treadmill training is one type of intervention aimed at promoting and accelerating locomotor recovery following SCI. Treadmill training provides repetitive sensory input that activates and modulates spinal cord circuitry to generate rhythmic hindlimb movements, even in the absence of supraspinal input. 3 Several studies in rodents with complete spinal transection show that treadmill training improves stepping movements. 4, 5 However, studies investigating the effects of treadmill training alone (i.e. without pharmacological or epidural stimulation) in animals with an incomplete SCI have produced conflicting results. [6] [7] [8] This is important from a clinical perspective, as most SCI patients have incomplete lesions and show greater benefits from treadmill training compared to those with complete injuries. 1, 9, 10 Questions regarding the most appropriate type and duration of training, remain unanswered. 11 As clinical trials of locomotor training on SCI patients are extremely difficult (especially dose-response studies) preclinical investigations are necessary to further understand the benefits of locomotor training after SCI. Thus, the aim of this study was to investigate the effects of exercise training for 3, 6 and 9 weeks of recovery of locomotion in mice with incomplete SCI. We hypothesized that: (1) recovery of locomotion would be enhanced in treadmill trained compared to untrained mice and (2) 9 weeks of training would result the greatest improvement in locomotion.
Materials and methods

Experimental design
One week after an incomplete SCI, animals were randomly assigned to trained or untrained groups. Trained animals underwent 3, 6, or 9 weeks of treadmill training, while untrained animals remained in their home cages for the same duration as their trained counterparts. Videos of trained and untrained animals running on the treadmill were recorded pre-injury (week 0), one week post-injury (week 1) and then at 4, 7 and 10 weeks post-injury (i.e. end of each training period). Animals undergoing 6 weeks of treadmill training and their untrained comparison animals were also assessed at 4 weeks and animals on the 9 weeks training protocol at 4 and 7 weeks. Thus, there were more animals (and videos recorded) at the early time points of assessments. The higher mortality of animals on the 9 weeks protocol also contributed to the lower sample size in this group (Table 1) .
Spinal cord injury
All experiments were approved by the University of Newcastle Animal Care and Ethics Committee. Adult male C57BL/6 mice (9-10 weeks of age at surgery, bodyweight ∼20 g) underwent a lateral spinal cord hemisection between the T10 and T11 spinal roots, as described previously. 12 Briefly, mice were anesthetized with isoflurane (5% induction, 1.5% to 2.5% maintenance) and medetomidine (0.03 mg/kg sc). The vertebral column was then exposed by a midline incision over T7 to L1 vertebrae. Fine forceps were used to remove the spinous processes and laminae of the T9 or T10 vertebra. An ophthalmic knife was then used to create a left hemisection at T10. The overlying muscle was then sutured and the skin incision sealed using staples. All procedures were conducted under aseptic conditions. Post-surgical analgesia was provided with buprenorphine (0.1 mg/kg sc, every 8 hours for 48 hours) and carprofen (5 mg/kg sc, every 24 hours for 5 days). Animals were closely observed for the next 24 hours for signs of pain or distress. The surgeon was blinded to experimental group allocation.
Treadmill training
A six-lane treadmill (Simple II, Columbus Instruments, OH, USA) was used to train the animals and to acquire kinematic data. For two weeks prior to surgery, all animals were familiarized with running on the treadmill at approximately 10 m/min for 10 mins, twice per day, five days per week. One week after SCI, animals were randomly assigned to treadmill training or untrained groups. The trained group then commenced the training regimen as before injury and continued for 3, 6 or 9 weeks (subgroups of animals were sacrificed at each time point for other investigations). Following injury, treadmill speed was initially 6 m/min, and gradually increased to 10-12 m/min over the course of training. Gentle tapping of the tail or hindlimb was used to encourage running if the animal stopped (body weight support was not provided during training or assessment).
Kinematic assessment
Animals were briefly anesthetized with 2% isoflurane and the skin over the lower back and left hindlimb was shaved. Hemispherical reflective markers (3 mm diameter) were attached over the iliac crest, head of femur, knee, ankle and 5th metatarsal ( Figure 1) . A high-speed video camera (100 frames/s; Nikon M3, Integrated Digital Technology, FL, USA) was used to capture movements of the left hindlimb in the sagittal plane. The camera was placed 1 m from the center of the treadmill with a field of view of approximately 32 cm × 24 cm (width × height). Several trials of the animal running on the treadmill (speed of 10 m/min pre-injury, 7 m/min 1 week post-injury and between 10-12 m/min at 4, 7 and 10 weeks assessment time points) were videotaped. Then a blinded assessor digitized three full-step cycles for each animal using the Peak Motus Motion Measurement System 9.2 software (Vicon Motion Systems, CO, USA). A full step cycle (swing and stance) was defined from toe-off to the next toe-off.
Kinematic data analysis
Quantitative and qualitative kinematic gait outcomes of the left (affected) hindlimb were assessed in all animals. Videos were digitized and the raw coordinate dataset for each trial was imported into Igor Pro 6.0 software (WaveMetrics, Portland, OR) for analysis. The iliac crest, head of femur, knee, ankle and 5 th metatarsal markers were used to measure joint angles, joint excursion (difference between the maximum and the minimum angle value within a step cycle), step duration (time taken to complete a full step cycle) and hip to toe maximum (the maximum distance that the animals brought the toe forward relative to the hip while stepping) ( Figure 1 ).
Lesion extent measurements
After the survival periods of 4, 7 or 10 weeks post-surgery, the animals were re-anesthetised (100 mg/kg i.p. ketamine) and sacrificed by decapitation. Thereafter, the spinal cord was removed and sliced horizontally for electrophysiological recording. Horizontal spinal cord slices were prepared as previously described. 13, 14 The extent of the hemisection was measured on photos of the horizontal slices. According to Flynn et al., 14 lesion extent was defined as the distance between the medial apex of the lesion and the midline of the spinal cord. A value of 0 mm indicated that the lesion extended all the way to the midline of the cord. The lesion area that included the cavitation (i.e. missing tissue) and the glial/scar tissue was also measured. All the measurements were performed using Image J software.
Statistical analysis
Kinematic data between trained and untrained animals were compared using Analysis of Variance (ANOVA), with group and weeks as factors. Sheffé's post-hoc test was used to determine which groups were significantly different from one another. Statistical analyses were performed using Data Desk, Version 6.3 software (Data Description Inc., NY, USA). All data are presented as means ± SEM (unless otherwise stated), and significance was set at p < 0.05.
Results
The lesion extent (distance between the medial apex of the lesion and the midline of the spinal cord) was similar between untrained and trained animals (0.21 ± 0.01 mm 2 and 0.20 ± 0.02 mm 2 , respectively, p = 0.7). The lesion area (cavitation and missing tissue) was also similar between the two groups (0.31 ± 0.04 mm 2 and 0.32 ± 0.02 mm 2 , respectively, p = 0.4). Thus, these data suggest that the hemisection lesion was similar between trained and untrained animals.
Gait pattern
The changes in joint angles of the hip, knee and ankle of the left (affected) hindlimb throughout a full step cycle at each assessment time point are shown in Figure 2 . Prior to injury, the gait pattern was smooth, with a distinct change from swing to stance phase, particularly at the knee and ankle joints ( Figure 2A ). One week after SCI, all animals dragged their hindlimb, as indicated by the reduced excursions at all three joints and the decrease in the swing phase ( Figure 2B ). Changes in movement patterns after SCI were most evident at the knee and ankle (which were in an extended position) whereas there was comparatively little difference at the hip. At the 4-week assessment, both groups were able to flex the knee after toe off and during early swing phase, but only a small movement could be observed at this joint for the rest of the cycle. Trained animals did appear to maintain knee flexion for slightly longer during the swing phase (∼ 20% of step cycle vs. ∼ 10% of step cycle in the untrained group, Figure 2C and 2D). Motion at the ankle joint remained limited in both groups at 4 weeks. Figure 2 Kinematic analysis of gait cycle. (A) Average joint excursion during a complete normal step cycle of the left hindlimb (grey shadow) was used to compare data from untrained and 3, 6 and 9 weeks trained mice. A full step cycle was defined from toe off (beginning of swing phase) to the next toe off. The vertical dashed grey line indicates the end of swing phase (knee angle was used as a guide). (B) One week after SCI, animals dragged their hindlimb and had small joint excursions. The larger error bars observed at this time point may reflect hindlimb spasticity or step adaptations such as hopping. (C) At 4-weeks, untrained mice were not able to maintain their knee flexed during the swing phase. (D) At 4-weeks, the hip joint excursion of trained animals was similar to pre-injury whereas motion of knee and ankle joints remained limited. Results are expressed as mean (horizontal line) ± SD (vertical lines). Seven weeks after SCI, untrained (E) and trained (F) mice had joint angles that approached pre-injury values. However, untrained animals had smaller ankle angles compare to trained animals during toe off and swing. At 10-weeks, untrained (G) and trained (H) animals had gait a pattern that was similar to the pattern at the 7-weeks time point and that remained different to that of pre-injury. Results are expressed as mean (horizontal line) and ± SD (vertical lines). At the 7-week assessment, both groups showed similar recovery of joint angles, although their gait patterns remained partially compromised compared to preinjury ( Figure 2E and 2F). Untrained animals had smaller ankle angles (mean ± SD = 125 ± 35°) compared to trained animals (mean ± SD = 150 ± 20°) during toe off and swing, suggesting that untrained animals maintained their ankle in dorsiflexion and were not weight-bearing throughout these phases.
At the 10-week assessment, both groups had hip and knee angle values similar to pre-injury ( Figure 2G and 2H). The ankle angle pattern and values were different to those pre-injury, but similar between the two groups.
Joint excursions
In order to further investigate and quantify the differences in the knee and ankle angles observed in the gait pattern data, the excursions of these two joints were compared between groups at each time point. There was no significant difference between the mean knee and ankle excursion of trained and untrained animals in any time point of assessment (data not shown).
Step duration
Prior to injury, step duration was similar for both trained and untrained groups ( Figure 3A) . As expected, after injury animals exhibited considerably longer step duration than pre-injury values. Four and 7 weeks Figure 3 Kinematic gait outcomes. (A) Prior to injury (week 0) there was no difference in the step duration between untrained and trained. At 4-weeks there was a significant improvement in step duration for trained animals (* p = 0.002), which continued at week 7 post-injury (** p = 0.04). At 10-weeks post-injury, however, both animals had similar step duration values. (B) Hip to toe maximum (distance between the toe and hip in a step cycle) was the same for both groups prior to and after injury. No difference was found between groups at 4 and 7-weeks but at 10-weeks the mean hip to maximum of untrained animals was significantly different from trained animals (*** p = 0.05). Results are expressed as mean ± SEM. after injury, trained animals had significantly improved step duration compared to untrained. By week 10, both groups had step duration closer to pre-injury values and no significant difference was found between the two groups. These results suggest that treadmill training accelerated the recovery of step duration.
Hip-to-toe maximum
The maximum distance that the animals brought the toe forward relative to the hip while stepping (hip-to-toe maximum) was used as an indicator of the degree to which the animals dragged their hindlimb following injury ( Figure 3B ). The mean hip-to-toe maximum was similar between trained and untrained animals prior to injury and after SCI, when their capacity to bring the toe forward decreased considerably. At the 4-week assessment, the hip-to-toe maximum was similar between the two groups. By the 7 th week postinjury, the mean hip-to-toe maximum of the untrained animals tended to be closer to pre-injury values than trained animals (trained = −8.6 ± 0.5 mm and untrained = −10.0 ± 0.5 mm, p = 0.19). The difference between the two groups continued to increase so that by the 10-week assessment the difference was significant (trained = −7.9 ± 0.7 mm and untrained = −10.6 ± 0.7; p = 0.05).
Discussion
To our knowledge, this is the first study to assess the effects of treadmill-training alone for 3, 6 and 9 weeks on the recovery of locomotion in a mouse model of incomplete SCI. Because of the complexity of locomotor recovery, both qualitative and quantitative kinematic gait analysis were used to compare treadmill trained and untrained animals. Clinical trial design features such as randomization, blinding and allocation concealment were also employed to ensure that our data would be valid and unbiased. Our results show that treadmill training after incomplete SCI in mice had very limited effects on recovery of hindlimb movement, largely because the very substantial recovery of the untrained mice. Although the ability of both trained and untrained mice to swing their affected hindlimb was still compromised 10 weeks after SCI, there was some evidence of greater improvement in knee and ankle joints in treadmill trained compared to untrained mice. Treadmill training also accelerated the recovery of step duration. In contrast to animals with complete SCI, the mechanism of recovery of locomotion in animals with incomplete SCI remains unclear. The normally symmetrical central pattern generator may be disorganized as a result of the loss of descending pathways on one side.
Studies have shown that descending pathways are extremely important for spontaneous recovery after incomplete injuries [15] [16] [17] and that treadmill training enhances this recovery by either promoting collateral sprouting of spared pathways and/or regeneration of damaged fibers. 4, 7, 18 In addition, our group's electrophysiological investigations of spinal neurons from 3-and 6-weeks trained animals demonstrate that training enhances local synaptic activity in spinal cord interneurons and descending excitatory drive. 12, 14 The results of this study suggest such changes firstly occur in regions proximal to the lesion site as both trained and untrained groups initially exhibited improvements in hip movement followed by improvements in knee movement, whereas the ankle joint was still compromised seven weeks after injury. This pattern of proximal to distal recovery following SCI has been described previously. 19 Goldshmit et al. 7 found that hip movement improved most in treadmill-trained mice following spinal hemisection. The same proximal-distal motor recovery pattern has also been observed in other incomplete central nervous injuries such as stroke. 20 Taken together, these findings support the notion that treadmill training improves hindlimb function by influencing plasticity in spinal circuitry and that recovery has both a temporal and spatial profile. The present finding that treadmill trained mice had a significant acceleration in recovery of step duration despite no evidence of improved hindlimb kinematics may also reflect proximal-distal recovery. Trained animals had knee height values that were close to preinjury values after 6 weeks of training. This suggests these animals had better knee control, which enabled them to swing the hindlimb even though they had limited ankle movement. Moreover, the fact that trained animals were not bringing their hindlimb forward to the same extent as pre-injury (hip-to-toe maximum data) suggests a shorter swing phase, which may also influence step duration. After SCI, the pathways involved in movement control (i.e. supra-spinal and intra-spinal circuitry) are changed considerably and this results in an altered or adapted motor output. 21 It has been shown that the timing and proportion of swing and stance phases in SCI animals remain different from those of intact animals and that training can increase stance time, thus improving the ability of SCI animals to weight-bear on the affected limb. 19, 22 As shown in our study, the proportion of swing phase after SCI remained smaller compared to pre-injury (∼20% post-injury vs ∼30% pre-injury), however, treadmill training did not affect the proportion of swing/stance phase. Our findings that the treadmill-training regimen used in this study provides limited benefit and is not sufficient to completely restore stepping function are in contrast to those found in studies in animals with complete SCI. Although the majority of studies in incomplete SCI animals report benefits of exercise training, 7, 8, 17, [23] [24] [25] [26] they vary considerably in the model of SCI, the intervention applied, and outcomes measured, making it difficult to compare results. Several of these studies used an incomplete SCI model similar to ours and reported a positive outcome. Goldshmit et al. 7 reported that treadmill training for 5 weeks improved motor recovery in mice. It is important to note that, although those authors used a battery of tools to assess motor recovery, gait was only assessed qualitatively. In a recent study, quadrupedal treadmill training was shown to result in better hindlimb locomotion of hemisected SCI rats compared to when only the hindlimbs were trained. 17 An earlier study found that 5 weeks of treadmill training in a rat model of dorsal hemisection did not lead to additional locomotor recovery. 6 In cage voluntary wheel running has been shown to improve stepping in hemisected rats and that neurotrophins such as brainderived neurotrophic factor, play an important role in motor recovery and plasticity following SCI. 27, 28 These studies raise an important question about incage locomotor activity in incomplete SCI animal models. In complete SCI models, exercise training provides most of the locomotor stimulation, especially early after injury. In incomplete SCI models, in-cage activity levels are much higher and potentially provide a much greater "self-training" stimulus for recovery, and therefore limit the capacity of 20 min of structured treadmill training per day to affect the time course or extent of recovery. Much longer treadmill training sessions (or multiple training sessions per day) may be needed to have substantial impact when studying incomplete models of SCI. Kuerzi et al. 37 also demonstrated a ceiling effect of training following incomplete SCI which the authors suggested was reflective of in-cage selftraining to the extent that additional training became futile. The effect of in-cage activity on functional recovery after incomplete SCI has been assessed through hindlimb immobilization of contused SCI rats. 29, 30 In an elegant experiment, animals were placed in a wheelchair to immobilize their hindlimbs in an extended position for up to 18 hours a day for 8 weeks. The results demonstrate that wheelchair animals not only had worse locomotion compared to non-wheelchair animals, but also had significant deficits on gait kinematic analysis that persisted for weeks after wheelchair use was ceased, suggesting that hindlimb immobilization may have had a long-term effect on recovery. These data also suggest that in-cage self-training is an important potential explanation for the limited effect of training found in the present study, and is an important consideration for future studies. There are several other factors such as duration, type and timing of training, which are key components of any training regimen and may also influence recovery. For example, training periods longer than 9 weeks may be required to further enhance behavioral recovery. This is supported by anatomical data from Bareyre et al. 15 that demonstrate regenerating corticospinal synapses require up to 12 weeks to form appropriate connections with propriospinal neurons that bridge the lesion, allowing descending commands to engage spinal circuitry below the SCI. 15 Importantly, behavioral recovery was still occurring 10 weeks after SCI in these animals.
Another important factor that may influence recovery is whether body weight support is given during training. In this study, weight support was not provided, as in our hemisected animal model, less assistance is required during training compared to complete transection or contusion models of SCI. However, body weight support has been shown to play a crucial role in stepping recovery after complete SCI. 5, 31, 32 Although the impact of body weight support is less clear in models of incomplete SCI, it is possible that the limited recovery found in this study may be related to the fact that body weight support was not provided during training. With regard to the mechanism underlying behavioral recovery observed in this study, electrophysiological data from the same cohort of mice used in this work show that treadmill training for 3 and 6 weeks has little effect on the intrinsic properties of neurons surrounding the lesion site, but instead alters the synaptic properties of dorsal horn pathways (that include the corticospinal tract) and local interneuron connections. 12, 14 This suggests that treadmill training promotes functional recovery mainly through alteration of synaptic connections, rather than modification of intrinsic neuronal excitability. This also suggests an extended timecourse may be required for clinically relevant functional recovery via treadmill training. However, as found in this study, long training periods may not be feasible for mouse models of SCI due to the effects of aging. Normal mice with a similar age to those included in this study (age at time of SCI: ∼ 2 months and end of experimental period: 5 months) are still considered young, but as SCI substantially accelerates aging processes, 33 studies assessing behavioral changes after longer periods of treadmill training. Although over-ground locomotion was not assessed, the limited ankle recovery observed in trained animals may be due to the lack of specificity of treadmill training. Task-specificity has emerged as an important aspect of motor re-learning after SCI. Spinal cats trained to stand develop motor patterns specific for standing and not for walking. 35 Similarly, training to step on a treadmill does not necessarily lead to improvement in over-ground walking in people with SCI and appears to be a task insufficiently specific to result in functional locomotion. 36 Swimming training and stepping in shallow water are other examples of task-specific training, with animals improving stepping in those environments but not in over-ground locomotion. [37] [38] [39] Several studies have assessed the effect of different training paradigms that could potentially be superior to treadmill training or could be used as a bridging therapy between treadmill training and over-ground walking. 40 Environmental enrichment (e.g. obstacles,
ladders, stairs and etc.) may be an additional self-training paradigm, which takes advantage of the ability of incomplete SCI animals to move around their cages, providing potential additional benefits to recovery of over-ground stepping.
Limitations
One of the limitations of this study was the smaller sample size of animals in the 9-week training protocol. This was primarily due to the experimental sacrificing of animals at 4 and 7 weeks but was also because of the higher mortality of animals in the 9-week group. The higher mortality rate in this group may be due to urinary tract infection and other health problems (e.g. pulmonary embolism) that commonly affect animals with SCI in the first 3 months post-injury. 41 These health issues can be difficult to detect and may not have been detected despite daily professional animal care. A second limitation of this study is the high variability in our data (reflected in the large error bars in Figure 2 ). Behavioral assessment of an SCI mouse model is challenging. 42 The use of open-field testing enables a gross evaluation of motor function but it does not provide quantitative details on the gait pattern. For this reason we opted for kinematic gait analysis. However, small variations in marker placement and also marker movement may have contributed to the high variability in the present data. Some of these limitations in kinematic gait analysis have been addressed in the recent development of automated tracking markerless devices. For example, the MotorRater (TSESystems) system allows the evaluation of the overground walking kinematics and provides data on individual joint angles. 43 More recently, a valid and sensitive automatic 3D kinematic measurement also using markerless motion tracking was developed specifically for mice with SCI. 44 
Conclusions
The findings from this study demonstrate that 20 minutes of treadmill training five days a week has limited benefits in restoring normal hindlimb stepping after incomplete SCI in mice. Future pre-clinical SCI studies should carefully consider the type, intensity, duration of training sessions, training program duration, and in-cage activity levels, along with the SCI model. The data from this and previous studies have important clinical implications, suggesting that more than 9 weeks of treadmill training or a combination of different therapies, which require specific motor skills, may be vital to achieve better recovery following SCI.
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